Curcumol is a representative index component for the quality control of the essential oil of Curcuma wenyujin Y.H. Chen et C. Ling, an antivirus and anticancer drug in China. Microbial transformation of curcumol (1) by Aspergillus niger AS 3.739 yielded two products. Their structures were elucidated as 3α-hydroxycurcumol (2) and 3α-(4′-methoxy-succinyloxy)-curcumol (3) by extensive spectroscopic methods including 2D-NMR and HRESI-MS. Among them, 3 is a new compound. Esterification of the substrate with succinic acid is a novel reaction in the field of microbial transformation of natural products. Compound 2, the major transformation product of 1, was a high regio-and stereo-specific hydroxylation product and showed significant antiviral effects.
Curcumol, a sesquiterpene hemiacetal [1] , is a representative index component for the quality control of the essential oil of Curcuma wenyujin Y.H. Chen et C. Ling, which is currently used for anticancer and antivirus treatment, and is included in the Pharmacopoeia of the People's Republic of China (2010). Pharmacological studies have suggested that curcumol has antitumor [2] , antivirus [3] , antihepatic fibrosis [4] , antioxidant [5] , and antimicrobial [6] activities. In China, this compound has also been used as a pesticide for rodent control because of its contraceptive effect [7, 8] . The structure of curcumol has been identified on the basis of chemical and spectroscopic data [9] , and its absolute stereo-structure was determined by X-ray analysis [10] . As an antitumor and antivirus agent, curcumol has the disadvantages of poor solubility in water and organic solvents. Therefore, structure modification of curcumol to generate new analogs with improved solubility may be a great advantage in the treatment of diseases.
Microbial transformation provides an important tool for structure modification of organic compounds, especially natural products with potent biological activities [11, 12] . This method is known for its high stereo-and region-selectivity, ease of handling, low cost, and environmentally-friendly nature [13, 14] . It was first applied to the structural modification of curcumol by our group [15] [16] , and resulted in the isolation of 11 products of curcumol transformed by Cunninghamella blakesleana AS 3.970.
In this current study, the biotransformation of curcumol (1) by Aspergillus niger AS 3.739 was investigated. Curcumol (1) was administered to 2-day-old microorganism cultures, and two more polar products were obtained after an additional 5 days of incubation. Two transformed products, 3α-hydroxycurcumol (2) and 3α-(4′methoxy-succinyloxy)-curcumol (3) were obtained and identified ( Figure 1 ). Among them, 3 is a new compound. The esterification of the substrate with succinic acid is a novel reaction in the field of microbial transformation of natural products. Compound 2, the major transformation product of 1 by A. niger 3.739, is a high regio- and stereo-specific hydroxylation product. Both products were tested for their antiviral activities, but only compound 2 showed significant antiviral effects.
Compound 3 was obtained as colorless needle crystals (MeOH). The HRESI-MS exhibited the quasi-molecular ion peak [M+H] + at m/z 367.2113, corresponding to the molecular formula of C 20 H 30 O 6 . Comparison of the 13 C NMR spectroscopic data of 3 ( Table 1) with those of 2 [17] showed the presence of five additional carbon signals at δ C 29.0, 29.4, 51.8, 172.1, and 172.8, and the upfield shifts of signals at C-2 and C-4 to δ C 36.3 and 46.6, as well as the downfield shift of C-3 to δ C 82.1 in 3, suggesting that a five-carbon group might connect to C-3. The DEPT and HSQC spectra showed that the five-carbon group consisted of two methylenes (δ C 29.0 and 29.4; δ H 2.62(4H, m)), two carbonyls (δ C 172.1 and 172.8), and one methoxy (δ C 51.8; δ H 3.69(3H, s)). The long-range couplings from the methoxyl protons (δ H 3.69) to the carbonyl group (δ C 172.1), and from the methylene protons (δ H 2.62) to both carbonyl groups (δ C 172.1 and 172.8) in the HMBC spectrum confirmed that the five-carbon group was a 4′-methoxy-succinyloxy moiety. It was shown to be linked to C-3 by observation of the HMBC correlation from H-3 (δ H 4.96, 1H, m) to the carbonyl group (δ C 172.1) ( Figure  2 ). In the NOESY spectrum, the NOE enhancement between H-3 (δ H 4.96, 1H, m) and 15-CH 3 (δ H 1.09, 3H, d, J=6.9Hz), but the lack of correlation between H-3 and H-1 (δ H 2.44, 1H, m) proved that the 4′-methoxy-succinyloxy group should be α-oriented [18] . Therefore, 3 was characterized as 3α-(4′-methoxy-succinyloxy)curcumol ( Figure 1 ). To the best of our knowledge, the esterification of the substrate with succinic acid is a novel microbial reaction for natural products.
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The inhibitory cytopathic effects (CPE) of compounds 1-3 at their maximum non-toxic concentrations on MDCK/Vero cells infected with influenza virus (H1N1), herpes simplex virus (HSV-1) and enterovirus (EV-71) were first observed under an inverted fluorescence microscope. Compound 2 showed obvious antiviral activity, with either no or weak cytopathic effect induced by the three viruses. The effects of 2 on these three viruses were further evaluated by MTT assay using MDCK and Vero cells. The results are summarized in Table 2 . Compound 2 exhibited significant antiviral activities, with EC 50 values of 4.3 μg/mL for H1N1, 2.6 μg/mL for HSV-1, and 6.7 μg/mL for EV-71. The positive controls, Oseltamivir Phosphate and Ribavirin, exhibited slightly lower antiviral activities compared with 2 against H1N1 and EV-71 with EC 50 values of 6.9 μg/mL and 37.1 μg/mL, respectively. However, the TC 50 of 2 on MDCK and Vero cells showed that 2 was more toxic than Oseltamivir Phosphate and Ribavirin, as shown in Table  2 , and less toxic to Vero cells than Aciclovir, with a TC 50 of 112.5 μg/mL. Thus, the selectivity index (SI) values of Oseltamivir Phosphate, Aciclovir and Ribavirin on H1N1, HSV and EV-71 cells were approximately 4-7 fold greater than those of 2, depending on the anti-virus assay.
Experimental
Apparatus and reagents: IR spectra were obtained on a Bruker IFS 55 spectrophotometer (KBr). Optical rotation values were measured Substrate material: Curcumol (1) (99% purity, detected by HPLC) was isolated from the essential oil of Curcuma wenyujin, and characterized by chemical and spectroscopic methods, as described in the literature [19] . The substrate was dissolved in acetone and diluted to 4.0 mg/mL before use.
Biotransformation medium: All culture and biotransformation experiments were performed in potato medium, which was produced by the following procedure: 200 g of minced husked potatoes were boiled in water for 1 h, filtered and, to the filtrate, water was added to make 1 L, after addition of 20 g of glucose.
Biotransformation: The screen-scale biotransformation was performed in 250 mL Erlenmeyer flasks containing 60 mL potato medium. Twenty-nine kinds of microorganisms were transferred into the flasks from the slants, respectively. The cultures were cultivated on rotary shakers at 180 rpm at 25°C. One mL of the substrate solution (4.0 mg/mL) was added into each flask with 2day-old microorganism cultures, with 1 mL of acetone alone instead of substrate solution in each parallel flask as the culture control. Substrate controls consisted of sterile media containing the same amount of substrate and incubated under the same conditions. After 
Biotransformation of curcumol by Aspergillus niger Natural Product Communications Vol. 8 (2) 2013 151 a further 5 days of incubation, the broth was filtered under vacuum and the filtrate extracted with the equivalent volume of ethyl acetate, 3 times. The dried mycelia were extracted with acetone (3×50 mL) at room temperature and filtered under vacuum. All the extracts were pooled and evaporated under reduced pressure at 45°C. The residue obtained was dissolved in methanol and spotted onto silica gel plates, which were developed with cyclohexaneacetone (2:1), and visualized by spraying with 10% H 2 SO 4 (in EtOH), followed by heating at about 100°C.
Preparative scale biotransformation of curcumol by Aspergillus niger AS 3.739 was carried out in 500 mL shake flasks containing 150 mL of potato medium. The flasks were placed on rotary shakers, operating at 180 rpm at 25°C. After 2 days of microorganism culture, 200 mg of substrate was added into 25 fermentation flasks. After another 5 days of incubation, the culture media were collected, extracted and concentrated as described above. 
Isolation and purification of the products:

Cells and viruses: African Green Monkey kidney cells (Vero cells) and Madin Darby canine kidney cells (MDCK cells) were propagated in Dulbecco's modified Eagle's medium (DMEM;
Gibco-BRL) and supplemented with 10% fetal bovine serum (FBS; Sigma), 100 units/mL of penicillin G sodium, 100 μg/mL of streptomycin sulfate, 40 μg/mL of gentamicin sulfate, and 2.5 μg/mL of amphotericin B. FBS was reduced to 4% for cell maintenance. The cells were incubated at 37°C with 5% CO 2 . H1N1, as well as HSV-1 and EV71 strains were propagated in the MDCK and Vero cells, respectively. The stock virus was stored at −70°C until further use. The test compounds were dissolved in DMSO as stock solutions and kept at 4°C [20] . The stock solutions were diluted serially in media prior to use. The final concentration of DMSO was lower than 0.1% and had no toxic effects on the cells.
